Expression of Toll-like receptors (TLRs) in B cells provides a cell-intrinsic mechanism for innate signals regulating adaptive immune responses. In combination with other signaling pathways in B cells, including through the B-cell receptor (BCR), TLR signaling plays multiple roles in B-cell differentiation and activation. The outcome of TLR signaling in B cells is largely context-dependent, which partly explains discrepancies among in vitro and in vivo studies, or studies using different immunogens. We focus on recent findings on how B-cell-intrinsic TLR signaling regulates antibody responses, including germinal center formation and autoantibody production in autoimmune disease models. In addition, TLR signaling also acts on the precursors of B cells, which could influence the immune response of animals by shaping the composition of the immune system. With TLR signaling modulating immune responses at these different levels, much more needs to be understood before we can depict the complete functions of innate signaling in host defense.
INTRODUCTION
As one of the most important families of pattern recognition receptors, the Toll-like receptor (TLR) family plays critical roles in initiating innate inflammatory responses and promoting adaptive immune responses. 1 In humans and mice, there are 10-13 TLRs that recognize different components of bacteria and viruses, such as lipopolysaccharide (LPS), ssRNA and CpG-containing DNA. Most TLRs signal via an adaptor protein called myeloid differentiation factor 88 (MyD88), except for TLR3, which signals through TIR domain-containing adaptorinducing interferon-b (TRIF), and TLR4, which signals through both. Both MyD88 and TRIF pathways elicit transcriptional alterations through the activation of nuclear factor-kB and other transcription factors. 2 Interestingly, not all TLRs are expressed on the cell surface. TLR3, 7 and 9, which recognize bacterial and viral nucleic acids, are localized to intracellular membranes and are activated in phagolysosomes or endosomes. 3 The restricted access to these TLRs may be important to prevent their aberrant activation by self-nucleic acids released from apoptotic cells, which could lead to autoimmune diseases.
Antibody production by B cells is a major adaptive immune mechanism in host defense against infectious agents. Both human and murine B cells express several different types of TLRs. 4 Purified TLR agonists are known to act on their own as effective adjuvants for antibody responses in both mice and humans. [4] [5] [6] Over the last few years, research on TLR signaling in B cells has generated enormous interest due to its potential application in vaccine design and other B cell-related diseases. However, we are just beginning to understand the full scope of how the role of TLR signaling in antibody responses can be applied to health and disease conditions. This review will highlight some recent findings on the roles of TLR signaling in Bcell development and activation.
TLR SIGNALING IN B-CELL DEVELOPMENT B cells originate from hematopoietic stem cells (HSCs), and undergo several developmental stages including early lymphoid progenitor, common lymphoid progenitor (CLP), pro-B and pre-B cells within the bone marrow, and transitional B cells in the peripheral lymphoid organs, before developing into mature B cells. 7 Lack of overt defect in peripheral and bone marrow B cell numbers in the absence of TLR signaling makes its role in B-cell development less obvious. However, emerging evidence suggests that TLR signaling is involved in B-cell lymphopoiesis, as well as in shaping the composition of the B-cell repertoire.
Surprisingly, it was revealed that HSCs could recognize pathogen, when Kincade and colleagues found functional TLR expression in early hematopoietic progenitors. 8 TLR signaling in these cells shifts their development potential towards myelopoiesis rather than lymphopoiesis ( Figure 1) . 8 Further studies showed that CLPs from mice infected with herpes simplex virus differentiated into dendritic cells (DCs) instead of B cells ( Figure 1 ) and that this phenomenon was mainly mediated by TLR9 signaling. 9 Dynamic change of hematopoiesis upon environmental stress might provide an evolutionary advantage for rapid adaptation to microbial infections but might also be responsible for reduced lymphopoiesis during the normal aging process. Indeed, chronic exposure to low doses of LPS, a TLR4 ligand, causes HSCs to lose their ability to maintain quiescence, a phenomenon that also occurs in aging. 10 In addition to B-cell lineage determination, TLR signaling may play a role in the process of negative selection. Meffre and colleagues 11 found an increased ratio of autoreactive B cells to naive B cells in patients deficient in MyD88 or IRAK4 (a kinase downstream of MyD88 signaling) compared to healthy controls, suggesting a defect in negative selection. The underlying mechanism is not clear, but based on recent findings of synergy between TLR and B-cell receptor (BCR) signaling, 12 a possible explanation is that reduced TLR signaling may grant B cells a higher threshold to be eliminated during negative selection. On the other hand, studies using BCR transgenic mice suggested a positive role for TLR signaling in cell survival during negative selection. In mice deficient in Lyn kinase, a negative regulator of BCR signaling in vivo, B cell numbers decreased dramatically due to increased negative selection. 13 Consistently, in lyn
mice that expressed an anti-hen-egg lysozyme BCR transgene, the majority of anti-hen-egg lysozyme transgenic B cells were eliminated in the presence of soluble hen-egg lysozyme. In contrast, in lyn 2/2 mice that expressed an anti-dsDNA BCR transgene, the anti-dsDNA transgenic B cells survived, 14 suggesting the possibility that TLR signaling activated by endogenous DNA might counteract the apoptotic process. Further study is required to clarify these opposing roles of TLR signaling in B-cell negative selection.
Interestingly, TLR activation in transitional B cells (T1 and T2), which is also the stage for negative selection, might change cell differentiation routes. For example, one study found that T1 B cells could be activated by LPS or CpG to secrete IgM and class-switched Igs. 15 Another study found that CpG stimulated T1 and T2 B cells to secrete proinflammatory cytokines. 16 Carsetti and colleagues reported that CpG induced transitional B cells isolated from human cord blood to differentiate into plasma cells with both class switch and somatic hypermutations. 17 A recent study from the same group demonstrated the differentiation of transitional B cells into phenotypic IgM memory B cells (Figure 1) . 18 These works suggest the possibility for a role of TLR signaling in regulating B-cell sub-populations and in BCR repertoire adjustment. In line with the in vitro data, it was found that IgM 
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2/2 mice and found no significant change in antibody response compared to wild-type mice. 20 This may not be a surprise because other innate signaling pathways may mediate the effect of these adjuvants. In cases of antigens containing defined TLR ligands, TLR signaling does play important roles in many aspects of antibody response. Many TI antigens themselves exist as, or contain, TLR ligands, such as LPS. For these types of antigens, it is thought that engagement of both BCR and TLR signaling provides a strong signal for B-cell activation. In vivo, there is a clear dependence on B-cell TLR signaling for the IgM response to these antigens. 21 Interestingly, for proteins conjugated with TLR ligands, which are typical TD type antigens, the antigen-specific IgM response is also dependent on B-cell TLR signaling to some degree, consistent with most findings of B-cell responses to TLR ligands in vitro. 22, 23 A TD type IgG response is much more complicated because other immune cells, especially DCs, also express TLRs and contribute to antibody responses. Earlier work using adoptive transfer of MyD88 2/2 B cells into B cell-deficient mice demonstrated a requirement of MyD88 for a proper TD antibody response. 24 Subsequent studies have either provided evidence for a role of TLRs in promoting antibody responses or failed to do so, depending on the circumstances examined. 23, 25 Various reasons have been proposed to explain the discrepancy in these studies, including the types of antigens used. 26 To address this question, we used a conditional MyD88-deficient model. 27 We immunized mice with several soluble protein antigens with variable levels of immunogenicity mixed or directly conjugated to a TLR ligand and found that the magnitude of the IgG responses was comparable between B cell MyD88-deficient mice and wild-type controls. 22 However, MyD88 signaling in DCs accounted for most of the effect of TLR stimulation, 22 presumably because TLR signaling in DCs is required for activation of CD4 1 T follicular helper cells, which could provide sufficient stimulation to B cells.
Intriguingly, when we immunized mice with virus-like particles (VLPs) containing CpG-oligodeoxynucleotides (a TLR9 ligand), we found that the deficiency of MyD88 in B cells caused a 30-fold decrease in IgG response. Moreover, the requirement of B cell MyD88 signaling strongly depends on the antigen epitope density on the surface of VLPs, suggesting a synergistic effect between BCR and TLR signaling. 22 Because TLR9 is localized in endosomes, the CpG contained within the VLPs might reach TLR9 through BCR-mediated binding and internalization of VLPs (Figure 2 ). Whether the BCR signaling and TLR signaling are simply sequential events linked by membrane trafficking or they have crosstalk at a molecular level needs to be further examined. In addition, it is clear that B-cell TLR signaling promotes VLP antibody production through germinal center (GC) response, 22 a unique mechanism markedly distinct from that in TI type responses. A similar study using the model retrovirus, Friend virus, also observed a similar requirement for B-cell TLR signaling in GC-mediated antibody responses. 28 GC formation requires clonal expansion of B cells, migration and clustering of several other cell types as well as differentiation of T follicular helper cell. 29 The requirements of B-cell TLR signaling within this complicated event remains to be elucidated.
TLR SIGNALING IN AUTOANTIBODY PRODUCTION
Marshak-Rothstein's group first demonstrated that a synergistic engagement of BCR and TLR9 signaling could effectively activate autoreactive B cells in vitro. 30 They tested B cells from AM14 transgenic mice (AM14 RF 1 B cells), which express BCR that recognizes a specific IgG (IgG2a a ). Upon adding IgG2a a isolated from the sera of autoimmune mice, AM14 RF 1 B cells were activated and proliferated in vitro. However, when DNase was added to the assay medium, the proliferative response disappeared, suggesting that DNA is required to activate B cells. They further confirmed that chromatin-IgG complexes could access TLRs in B cells through BCR binding and, in addition to BCR signaling, TLR stimulation was essential for the activation of autoreactive B cells. 30 The above in vitro data seem to be consistent with the in vivo study using a variety of different mouse models of autoimmune diseases. Genetic deficiency of TLR7, TLR9 or MyD88 often leads to reduced production of autoantibody, and increased expression of TLR7 causes susceptibility to autoimmune diseases. 31 However, it is difficult to ascertain in vivo whether TLR signaling in B cells directly contributes to the pathogenesis of autoimmune diseases, especially when considering that DCs or plasmacytoid DCs are also activated by similar TLR ligands and play essential roles in propagating the diseases. 32 Another question to consider is whether direct B-cell TLR signaling involves the TI or TD type response or other mechanisms.
It is known that autoantibodies bear somatic hypermutations, a sign of GC response. However, when Shlomchick's group crossed the AM14 transgenic mouse strain onto the MRL/lpr lupus-prone mouse strain to generate a model of systemic lupus erythematosus, they found that the autoreactive B cells actually proliferate and undergo somatic hypermutation in the so-called 'extrafollicular' sites, not in GCs. 33 Further study indicated that the extrafollicular TLR-dependent autoantibody response is independent of T cell help, although T cells can enhance this response. 34 The roles of B-cell TLR signaling in autoantibody production thus might resemble those for the TI response discussed earlier, at least in this mouse model. Indeed, there are only a few studies thus far that have attempted to answer whether B cell intrinsic TLR signaling is required for the autoantibody production in vivo, and these studies did generate supporting evidence for it. [35] [36] [37] We have used B cell MyD88-deficient mice crossed to a different systemic lupus erythematosus mouse model (lyn 2/2 ) and found a strong dependence on B-cell TLR signaling for autoantibody level and associated pathological change. Surprisingly, the autoantibody production in this model mainly depends on GC response, in a similar manner as that in TD response to VLPs as mentioned previously (manuscript in preparation).
CONCLUSION
TLR signaling plays a variety of roles in B-cell development and activation. In addition to its functions in promoting antibody responses, TLR signaling is also involved in B-cell cytokine secretion, antigen presentation, Ig isotype switching and cell survival for long-lived plasma cells and memory B cells, which are beyond the scope of this review. Although B cell-intrinsic TLR signaling is important in all the aspects mentioned above, it is noteworthy that many other cell types express TLRs and can regulate B-cell functions when their TLRs are activated. Understanding the mechanisms of how innate signaling contributes to humoral responses will provide a platform for developing applications, including vaccines, for human diseases.
